It is not known why some species accumulate high concentrations of sucrose in leaves during photosynthesis while others do not. To determine the possible basis, we have studied 10 species, known to differ in the accumulation of sucrose, in terms of activities of sucrose hydrolyzing enzymes. In general, acid invertase activity decreased as leaves expanded; however, activities remaining in mature, fully expanded leaves ranged from low (<10 micromoles per gram fresh weight per hour) to very high (>100 micromoles per gram fresh weight per hour). In contrast, sucrose synthase activities were low and relatively similar among the species (4-10 micromoles per gram fresh weight per hour). Importantly, leaf sucrose concentration, measured at midaftemoon, was negatively correlated with acid invertase activity. We propose that sucrose accumulation in vacuoles of species such as soybean and tobacco is prevented by acid invertase-mediated hydrolysis. Initial attempts were made to characterize the relatively high activity of acid invertase from mature soybean leaves. Two apparent forms of the enzyme were resolved by Mono Q chromatography. The two forms had similar affinity for substrate (apparent Km [sucrose] = 3 millimolar) and did not interconvert upon rechromatography. It appeared that the loss of whole leaf invertase activity during expansion was largely the result of changes in one of the enzyme forms. Overall, the results provide a mechanism to explain why some species do not accumulate sucrose in their leaves. Some futile cycling between sucrose and hexose sugars is postulated to occur in these species, and thus, the energy cost of sucrose production may be higher than is generally thought.
In many common higher plants, the principal end products of leaf photosynthesis are the carbohydrates starch and sucrose. However, species differ in the partitioning of photosynthetically fixed carbon between starch and sucrose and the extent to which sucrose normally accumulates in leaves during the photoperiod (9, 13) . Accumulation of carbohydrates in leaves is critical, as they are mobilized in darkness to support continued translocation (albeit at a reduced rate) and thereby maintain heterotrophic plant parts.
Plant species such as soybean that accumulate starch typically do not accumulate soluble sugars; conversely, species ' that do not form large amounts of starch tend to accumulate sucrose throughout the photoperiod. It is somewhat misleading to refer to these plants as 'starch-formers' versus 'sucroseformers' because sucrose is being synthesized and exported in all the species, but some mechanism determines the extent to which sucrose will be accumulated in leaves as it is formed.
While investigating a starch-less mutant of Nicotiana sylvestris (1 1), we came to realize that the mutant stored additional reduced carbon (relative to the wild type) within the leaf as soluble sugars. Depending upon growth conditions, some increase in sucrose accumulation occurred but there was an even larger increase in hexose sugar accumulation. There was an increased flux of carbon into sucrose in the mutant, and some of the sucrose was apparently hydrolyzed to hexose sugars (SC Huber, and K Hanson, unpublished data). We began to look at enzymes capable of hydrolyzing sucrose and realized that mature, fully expanded leaves can contain unexpectedly high activities of soluble acid invertase. This was surprising because in several species, including Citrus senensis (27), Lolium temulentum (24) , and Phaseolus vulgaris (23) , soluble acid invertase activity is essentially lost when leaves develop. Consequently, the objectives of the present study were to: (a) compare various species in terms of carbohydrates accumulated in leaves during photosynthesis in relation to the activity of acid invertase, (b) Preliminary experiments revealed that invertase activity in desalted crude leaf extracts was greatest between pH 4.5 and 5.0, and that the majority (>95%) ofthe acid invertase activity in a leaf homogenate was soluble. Extraction of cell debris with desalting buffer supplemented with 1 M NaCl solubilized the ionically bound cell wall invertase, which accounted for less than 5% of the total activity. Thus, artifactual binding of soluble acid invertase to cell walls was judged not to be a significant problem.
Partial Purification of Acid Invertase Extracts were prepared as described above using leaf tissue that had been frozen and powdered in liquid N2. Tissue was homogenized in extraction buffer using a chilled mortar and pestle. The resulting brei was filtered through two layers of cheesecloth and then centrifuged at 20,000g for 10 min. The supernatant was combined with solid ammonium sulfate (226 g/L) to 40% saturation, mixed for 20 min at 0C, and centrifuged as above. Additional ammonium sulfate (187 g/L) was added to the supernatant to yield 70% saturation, and the above procedure repeated. The pellet was resuspended in buffer A: 25 mM Mops-NaOH (pH 7.5), 5 mM MgCl2, 10% (v/v) ethylene glycol, and 2.5 mm dithiothreitol. The resuspended pellet was clarified by centrifugation and desalted into the same buffer to remove residual ammonium sulfate. The desalted enzyme preparation was applied to a Mono Q column (Pharmacia FPLC system) and eluted with a linear 0 to 1 M KCI gradient in buffer A. Active fractions could be stored at -80°C for several weeks with no loss in activity.
Leaf Carbohydrate Analysis
Leaf tissue was extracted with 80% ethanol. Sucrose and hexose sugars in the supernatant were measured enzymatically and starch was determined after digestion with amyloglucosidase as described previously ( 19) .
RESULTS

Relation between Acid Invertase Activity and Leaf Sucrose Concentration
Mature, fully expanded leaves of 10 species were harvested toward the end of the photoperiod. As expected, the species tested differed greatly in carbohydrate accumulation. The species tested are listed in Table I in order of decreasing sucrose concentration. In general, as sucrose decreased the leaf concentration of starch increased. The hexose sugars (glucose plus fructose) also varied in concentration, but in contrast, no pattern was apparent (Table I ).
Substantial differences in acid invertase activity of mature leaves were observed among the species tested. In general, acid invertase activity exceeded that measured at neutral pH (Table I ; data for neutral invertase not shown). It was not determined whether the activity measured at pH 7.0 was residual activity of the acid enzyme, or whether a discrete (and low activity) neutral enzyme was present. Activity of acid invertase varied from less than 10 ,umol -g' fresh weight. h-' in species such as broad bean, pea, and maize, to greater than 100 ltmol * g-' fresh weight. h-' in species such as tobacco and soybean. In contrast, activity of sucrose synthase was generally similar among species and ranged between 4 and 10 ,umol g-' fresh weight-h-'.
If the high activity of acid invertase present in some species was involved in metabolism in vivo, some correlation may be expected to exist between invertase activity and leaf hexose concentration. As shown in Figure IA , there was no relationship between invertase activity and hexose concentration. However, there was a striking inverse relationship between invertase activity and leaf sucrose concentration (Fig. 1B) . .umol g' fresh weight h-' (data not shown). Thus, leaves contained enzymic activity necessary to phosphorylate hexose sugars (as would be expected) but the total activity was not very high and cannot be considered to be greatly in excess.
When ATP was replaced with 1 mm Mg. PPi, no hexose kinase activity was detected in maize, spinach or soybean (data not shown).
Changes in Acid Invertase during Leaf Development
It was quite surprising that fully expanded, mature leaves of certain species contained high activities of acid invertase (Table I ). The results seem to contradict the general assumption that sucrose metabolizing enzymes such as sucrose synthase (14) and acid invertase (8, 23, 24, 27 ) are lost as leaves develop. Consequently, we measured acid invertase activity during leaf development of two contrasting species, spinach and soybean. As shown in Figure 2 , invertase activity decreased as leaves of both species expanded. However, acid invertase activity approached zero as spinach leaves attained maximum area whereas in soybean, activities were consistently higher and although about 50% was lost as leaves matured, fully expanded leaves still retained high invertase activity (in this experiment, 300 ,umol-gg' fresh weighth-1'; It was important to determine whether the acid invertase present in mature leaves had properties which were consistent with a role in sucrose hydrolysis in vivo. One obvious property°t o consider is the affinity of the enzyme for sucrose. Sucrose saturation kinetics for a desalted soybean source leaf extract 0 o are shown in Figure 5 . As shown, the kinetics were hyperbolic and a Woolf replot of the data (Fig. 5, inset) yielded an SOYBEAN apparent Km of 3.0 mm. The two forms of acid invertase resolved by Mono Q chromatography from a soybean sink and source leaf (as in Fig. 3, B and D A simplified working model which depicts the role of vacuolar acid invertase in preventing sucrose accumulation is shown in Figure 6 . The sucrose formed in the cytoplasm has two fates: it may be exported or it may be 'stored' within the cell. Most of the sucrose present in mesophyll cells of species which accumulate sucrose is thought to be contained within the vacuole (5, 17, 28) . Direct studies of transport of sucrose (18) and hexose sugars (E Martinoia, G Kaiser, personal communication) into barley vacuoles suggests that the transport is passive and occurs by facilitated diffusion. Soluble acid invertase is generally recognized to be a vacuolar enzyme (1, 2, 12, 21, 28) . In species such as soybean with high invertase activity, we propose that sucrose which moves into the vacuole is rapidly hydrolyzed to hexose sugars. In general, the hexose sugars do not accumulate in leaves (Fig. 1A) and must thereILUIIA3lt tU paIllaIIy PUIIlY dllU U'..141MllLL t111 dUlU llm:lV1lt3 from young (sink) and mature (source) leaves of both spinach and soybean. Crude leaf extracts were fractionated with ammonium sulfate (40-70% saturation), and the resulting enzyme preparation was chromatographed on a Mono Q ion exchange column using a Pharmacia FPLC system. Typical results are shown in Figure 3 . Chromatography on Mono Q appeared to resolve two molecular forms of acid invertase from soybean leaves but only one form from spinach. As expected, spinach sink leaves contained high invertase activity (Fig. 3A) , and there was essentially no activity recovered from source leaf tissue (Fig. 3C) . In contrast, soybean sink and source leaves contained substantial invertase activity and two forms were apparent. Interestingly, sink and source leaves contained relatively similar amounts of the invertase form which eluted at low salt (cef B and D in Fig. 3 ). The reduced invertase activity of the source leaf preparation could be attributed to loss of the enzyme form which eluted at higher salt. Thus, the two forms of acid invertase may differ in developmental regulation.
In one experiment, the two forms of acid invertase were resolved from a soybean source leaf and pooled separately (forms designated at I and II in Fig. 4A ). The forms were frozen at -20C for 1 week prior to rechromatography on Mono Q. As shown in figure 4B , each form of the enzyme eluted as a single peak at the same salt concentration as the original separation. Thus, the two forms appear to be distinct and do not spontaneously interconvert. Figure 6 is indirect. The first, and most compelling line of evidence comes from the negative correlation between leaf sucrose concentration and acid invertase activity (Fig. 1B) Figure 6 . Previously, Foyer (6) postulated the occurrence of an 'overflow loop' around the pathway of sucrose synthesis, whereby sucrose would be hydrolyzed by invertase (either in the vacuole or cell wall). The released hexoses would inhibit photosynthesis as they are phosphorylated and would consume cytosolic Pi. This was postulated to be a mechanism involved in source-sink interaction, and would only occur when photosynthesis exceeded the sink demand. Foyer (6) speculated that cell wall invertases were primarily involved. It was assumed that the affinity of invertase for sucrose was low, such that hydrolysis would only occur when sucrose was elevated (as in source-sink imbalance). The hypothetical scheme ofFoyer (6) was based on the ability of feeding sucrose or hexoses to leaf discs to: (a) inhibit photosynthesis and (b) consume leaf Pi. The scheme was not based on the activity or characteristics of leaf invertases, as was the present study.
We propose that the futile cycling depicted in Figure 6 occurs under all conditions. Normally, it is just sufficient to hydrolyze the sucrose which enters the vacuole. If export of sucrose is reduced, the concentration in the cytosol will increase which would lead to greater hydrolysis within the vacuole. Increased hexose production may be one of the factors responsible for inhibition of photosynthesis. The rate of sucrose transport into the vacuole and hydrolysis can be estimated by measuring the rate of hexose sugar accumulation. In girdled soybean leaves, the hexose accumulation rate was about 2.5 mg. dm-2 h-' (SC Huber, unpublished data) and in starchless N. sylvestris leaves, the rate was 3.0 mg. dm-2 -h' (SC Huber, and KR Hanson, unpublished data). If the average rate of assimilate export from a leaf is 10 to 15 mg.dm-2 h-', then sucrose hydrolysis within the vacuole could account for 17 to 30% of the next flux. Recently, Kromer et al. (20) showed that mitochondrial oxidative phosphorylation was essential for supplying the cytosol with ATP during photosynthesis. The sucrose formation pathway requires the equivalent of one ATP per sucrose molecule synthesized, and if futile cycling occurs (Fig. 6) , the requirement for ATP would be correspondingly greater. It is intriguing to speculate that mitochondrial formation of ATP may be involved in fulfilling this requirement.
